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By ThomasN. CanningandSimonC!.Sonm=r

SUMMARY

Theboundary-layertransitioncharacteristicsofbodiesofrevolution
hawtngflatandnearlyflatfaceswereinvestigatedexperimentally.The
models,rightcircularcylindersandsimilarshapes,weretestedatMach
numbersfrom2.5to 9. TheReynoldsnumbersbasedonfree-streamcondi-
tionsandmodeldiameterrangedfrom2.5x10eto 9.lxl~. Shadowgraphs
indicatedthattheboundarylayerr~ined laminaronthefrontfacesand
wasturbulentonlyonthesides.TheReyuoldsrnxibers(basedonlocal
airpropertiesintegratedoverthedistancefromthesta~tion point)
werealwaysbelow1 milliononthefaces.ThetransitionReynoldsnumbers,
whenconsideredonthebasisofthisintegratedReynoldsnumber,are
consistentwithearlierresultsforround-nosedbodiesoflawfineness
ratio●

Thetestselsoyieldedinformationon thetotaldragcoefficients
andstaticlongitudinalstabilityofthemodels.Thedragcoefficients
approachedthepitot-pressurecoefficientandallbodieswerestatically
stableinpitch.

INTRODUCTION

Theproblemof reducingtheheatinputtomissilesentertigthe
● earthisatmosphereat eximemelyhighvelocityq be attackedin several

ways. Twoapproacheswhichinvolvenomechanicalcomplicationofthe
missileare: (a)designthebodytohavelargepressure&’agsndsmll

●
wettedarea,and(b)providea shapewhichwillhavea lowtotal.heat-
transfercoefficient.ThefirstapproachistreatedbyA31enandEggers
inreference1. Thepresemationofextensivelaminarflowis onedirect

b methodofusingthesecondapproach.Reference2 reportstheresultsof
severalattemptstousethesecondapproach,maintenanceoflsmbar

, ●✍✎~y@pBss@-”fl
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boundary-lqyerflow,on shapeswhichsatisfiedtherequirementsofthe
firstapproach.Theresultsof reference2 indicatethatonlysmallpor-

.

tionsoftheboundazy-l~rflowwouldbe lsmlnarat full-scaleReynolds
numbersfortheconfigurationstested,principallyround-nosedconesand v
hemispheres.Theareasonwhichturbulentflowwaspresentwerealso
areaswherethestaticpressureandflowvelocitieswerehigh. Theheat
transferto suchareasisexpectedtobe extreme.

Inreference2 it isobservedthattheReynoldsnumbersoftrsmsition,
basedonconditions@t outsidetheboundarylayer,appearedto range
around1 milJionregardlessofmoderatechangesinmodelshapeandrough-
ness. Inreference3 it is furtherobservedthattheReynoldsnumbers
basedon10CSJ.tirpropertiesoutsidetheboundarylayercan,fora given
free-streamReynoldsnumber,be reducedbyblunting.Theabovefactors
leadlogicallyto shapeshavingflatfacesnormaltothestresnto give
minimumlocalReynoldsnumbers,althoughthisconfigurationwasnotfirst
consideredon sucha logicslbasis.Rather,someshadowgraphsofnylon
slugs(rightcircularcylinders),usedinobtaininginteriorballistic
data,showedlaminarflowovertheentirefrontface,laminarseparation
at thecornerbetweenfaceandsides,andtransitiontoturbulentflow 4
at thereattachmentpoint.Withthispromisingfirstresult,lsminarflow
onthefrontface,thepresentexploratoryinvestigationwasstarted. .

Thepresentpaperdescribesresultsofa briefexperimentalprogram
conductedtoverifythisobservation.Inadditionto observationsof
boundary-layertransition,thetestsyieldedinformationon static
stdbilityanddrag. .

Heat-trsmsferdataforbodiesmuchlikethoseusedin thepresent
tests,reference4, showedlowvsluesofheattrsmsferovertheentire
front-faceofallflat-facedmodelstested.Low
onthesides
ina 4000°F
survivedfar
tried.

of several.ofthesemodelsaswell.
supersonicJetjreference5, showed
longerunderseveretestconditions

NOTATION

heatingratesWerenoted
Testsof severslbodies
that
them

flat-facedmodels
didanyothershape

A frontslarea,sqft
*

Af areaofmodelfaceinsidetheroundingat cornerbetweenface
andsides

dragcoefficient,& a&—
Sf
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‘edge

drag,lb

maximumdiameter,ft

pitchingmomentaboutmodelcenterofvolume,ft-lb

mass,slugs

free-streamMachnumber

free-stre!mdynamicpressure,lb/sqft

Reynoldsnumberbasedonmodeldiameterandfree-stream
conditions

Reynoldsnuniberbasedonaveragedconditionsoutsidetheboundary
layerfromthesta~tion pointtotheedgeoftheflatface,

J

edgep~u~~

SP %

Reynoldsnumberbasedonlocalconditionsandboundary-layer
tiensions

distancealonga surfacestreamlinefromthesta~tion point,
ft

stagnationpoint

velocityoffreestream,ft/sec

localvelocityoutsideboundarylayer,ft/sec

angleofattack,radians

lmundary-layerthiclmessjft

boundary-layermomentumthiclmess,ft

airdensi~justoutsidetheboundarylayer,slugs/cuft

airdensityoffreestream,slugs/cuft

coefficientofviscosityofairJustoutsideboundarylayer,
lb sec/sqft

coefficientofviscosityoffree-stremair,lb sec/sqft

WIJw-- -:
.
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APF!!TUSANDTESTS .

ThetestswereconductedintheAmessupersonicfree-flightwind
tunnelandthesupersonicfree-flightundergroundrange.Theformeris
a 2&foot-longba31.isticrangewithnineslmlowgraphstationsinsidea
variable-pressure,supersonic,blowdownwindtunnel.Thelatterisa
67-foot-longballisticrangewithsevenshadowgraphstations.At test
Machnumbersbelow5.0themodelswerefiredfroma l-3/4-inchsmooth-
boregunthroughstillaireitherinthewindtunnelor intheunderground
range.Themodeltemperatureisapproximatelyequaltothefree-stream
statictemperatureforthesetests.At Machnumbersabove5.0thesame.
gumwasused,andthewindtunnelwasoperatedata lkchnmber of3.0.
Thisresultedina modeltemperatureabout2.8 timesthefree-stream
temperature.Reference6 describesthefeaturesofthewindtunnelin
detail.Themodificationstotheequi~entmentionedina footnotein
reference6 havebeencompleted.Thefourshadowgraphstationsspaced
5 feetaparthavebeenreplacedwithnineshadowgraphstations3 feet
apart.Inaddition,improveddesignandconstructiontechniquesresulted
ina muchmoreuniformairstream.

The
circular
of these
ModelsA

●
�

—

MODEIS .

modelsareallsketchedinfigure1. Thebasicshapeisa right
cylinder,andsmalldeviationsfromthisshapeweretested.All
nmdels,exceptmalelsA md (2,weremadeof 7075-T6sluminum.
and~ weremadeofnylon.No specislcarewastakeninpolish@

thesurfacesofmostmodels.‘Themachinistremovedtoolmarksus-& suc--
cessivelyfinerabrasivepapers,endingwithNo.600&rit. Thissurface
hadmaaycircumferentialscratches,15 to 60microinchesdeep.

Onemodelwaspolishedwithextremecareto obtainwhatistermed
a ~%~e 111”surfaceinreference2. Thissurfacewaspralucedby elimi-
natingallmachinemarkswithcoarseabrasivepaper,polishingwithsuc-
cessivelyfinergradesofabrasivepaper,through4/0,andthenpolishing
withsuccessivegradesofaluminum-oxideabrasive.Thefinestgradeused
was20-microinchgrit. Theresultingsurfacehasfewscratchesbuthas
_ S- pits=d-sy about5 *O10 microimhes amplitude. b the
sectiononresultsanddiscussion,themodelthustreatedwillbe noted.

RATAKEDUCTION

DragandS&tic Stability

Thedragcoefficientsofthemodelstestedwerecalculatedfromthe
axialdeceleration;thepitching-moment-curveslopeaboutthemodels?
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centersofvolumewerecehulatedfromthepitchingfrequencies.These
data-reductiontechniquesaredetailedinreference6. Thedragcoeffi-
cientsandmoment-tuneslopesarebelievedto containmaximumerrors
of*3percent.

Boundary-LayerTransition

Eachshadowgraphpicturewasstudiedinthemannerdespibedin
reference2 fortheoccurrenceoftransitionfromleminarto turbulent
boundary-layerflow. Thecharacteristicsoftheshadawgrephsusedto
establishthepresenceofturbulenceareiJlustmtedintheaccompanying
sketchendarediscussedbelow:

Visible turbulence Turbulent line

Turbulence
waves \ \ // ‘e’in:

Hairy
condition

Turbulence
burst behind base

(a)In somecasestherefractionoflightpassingthroughem eddy
ofturbulencewassufficienttoproducean eas~y
presentteststhis* of imagewasseenonlyon
inthewakes,neveronthefrontfaces.

(b)Wheretheboundarylayerwasexceedingly
forexsmple,therefmctiondidnotproduceclear

visiblehs.ge.Inthe
thesidesofmodelsand

thin,thefrontfaces
imagessuchasdescribed

abovebutdidpro~ectsmallfilsmentsoflightontotheportionofthe
filnshadedbythemodel.Thisgavea hairyappearanceto themodel
shadow.Thishairinesswassometimesvisibleoutsidethemodelshadow
aswelIL.
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(d)Theconditionoftheboundarylayeronthemodelcanfrequently
be deducedfromtheimageofthewake.An initiallylsminarlayergives
a thin,smooth,steadylinewhichmayextendasfaras a modeldiameter
behindthebase.An all-turbulentwske,ontheotherhand,producesa
poorlydefined,noticeablywavylinewhichwashesoutrapidly.

Cautionisnecessaryininterpretingalloftheaboveevidencesof
turbulence,particularlythewake-flowindications.Forinstance,itis
entirelypossibleforturbulentflowon thefaceofthepresentmodelsto
undergosufficientaccelerationaroundthecornertobecomeessentially
laminar,asnotedby Sternberg(ref.7). Thusan observationoflaminar
flowat onepointonthebodydoesnotmeanthattheflowupstreamis
necessarilysU leminar.

In ordertotesttheusefulnessof shadowgraphsfordetectingtur-
bulenceonthefrontfaces,a model(modelE, fig.1);whichhadNo.60
Carborundumgriton itsface,wastested(seefig.2(a)).Thehairy
conditiondescribedabovewasveryclearlydeveloped.Ona subsequent
testofmodelE witha smoothface,a burstofturbulencewasnoted,in
onestationonly(leaderinfig.2(b)).~ese obse~ationsshowedthat
turbulenceonthemodelfacewouldbe apparentintheshadowgraphs.

Thedensitygradientsintheflowfieldsaboutthemodelsproduced
optical.distortioninalltheshadowgraphs.Thedistortionofthemodel
imageswasopticalonly,sincethemcdelswerenotdeformed.

RESUILISANDDISCUSSION

Boundaqy-LayerTrsmsition

●

(c)A regionofsupersonicflowoutsidea turbulentboundarylayer
containsmanyweak,irregularshockwaves.Thereusuallyappeartobe
twofamiliesofwaves;onefamily,whichliesslongMachlines,appears
to resultfrombo&fixed disturbances, andtheotherfamily,whichis
inclinedmoresteeplyto theflowthanMachlines,appearsto resultfrom
movingdisturbances,individus2eddies,or groupsofeddiespassingalong
thebody. Thebody-fixeddisturbancesprobablyemanatefromsurface
roughness,theeffectofwhichisaccentuatedby theextremethinnessof “
thelsminarsublayer.

Nopai’titulardifficultywas’encounteredinobtainingfullylaminar
flqyovertheentirefrontfaceoftheconfigurationstestedatnominal
Machnumbersof4 and9 andfree-streamReynoldsnunibersof4 milddon
basedondismeter.Thesameappearstrueofonetestofa highlypolished
modelata Machnumberof 3.2andfree-streamReynoldsnumberof9 million
basedonmodeldiameter.ThislattertestWU be discussedin some
detailsubsequently.Transitiontoturbulentflawusuallyoccurredalong

.

.

Aii.
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thesidesof themodels,althoughin somecases
thewake. Selectedshadowgraphsfromthetests
through8 to ~ustrate aq-
feredinreproduction,the
figuresisdescribedbelow
clarity.

Figures3(a)and3(b)

7

thefluwwaslsminarinto
arepresentedinfigures3

wellaspossible,withthelossofdetailsuf-
importantfeaturesoftheflow.Eachofthese
to offsetsomeofthelossofphotographic

wereobtainedduringthetiteriorbsXListics
tests~-ntionedinthehtroductionby useofa simplerightcircular
cylinder,modelA. Theseparationof theboundarylayerfromtheedge
ofthefrontfaceiseasilyseenasaretheflowreattachmentandturbu-
lenteddiesalongthesides.No etidenceofturbulencewasnotedonthe
frontface. Theshadowgraphofa somewhatshortercircularcylinder,
modelB, flyingat a higherWch number,figure3(c),ismadedifficult
toanalyzeby thebackground~%ash”fromthewind-tunnelboundarylayer,
buttheoriginslnegativesfromthistestshowedgocdevidencethatthe
flowwasalwayslaminaron theface. Turbulenceoccurredintermittently
onthesides.

ModelC, the170°included-anglecone-cylinder,figure4, showsmuch
thesameboundary-layerflowasnotedfortheflat-facedcylinder.The
effectof slightconvexcurvatureonthefrontfaceand5°offlareon
thesideswasinvestigatedwithnmdelD (seefig.5). Theoriginalnega-
tivesshowedtrmsitiontobe eitheron thesidesof themodelorbehind
thebase. TheonlydifferencebetweenthisresultandthatfrommodelB
(rightcircularcylinder)wasthatthesizeoftheseparatedregionwas
smallerinthecaseofmodelD.

ModelE differedfrommdel D by beingboattailedinsteadofflared.
TheflightofmodelE, figure6, was admirablysuitedh showthesepara-
tionofthelaminarlayerfromthefront-faceedge. ThesetwoShadOW-
gral?hswere madeduringoneflight.Theflowhasmorethemonepossible
configurationandwasobservedto alternatebetweenlsminarreattachment
ontheside,figure6(a),andfullyseparatedflow,figure6(b).When
theflowfailedto reattach,transitionoccurredat or justbehindthe
sharpedge.

ModelF,whichwaslikemodelD exceptfora roundedratherthan
sharpedge,showsno sepa=tionregion~figure7)ad tr~sitionaPPears
tohavetakenplacenearthemodelbaseat thelowerMachnumberandwell
behindthebaseat &= 8.7,figure7(c). Thesteadywaveletsfromone
sideofthemdel offigure7(a)werecausedby surfaceroughness.A
smooth,gradualcompressionmaybe seento occuralongthesidesofthis
model,whichcontrastsstro@lywiththesuddencompressionat thefloy
reattachmentpointofthesharp-edgedmdels discussedabove.

i

Figure8 wasobtainedfromthetestofa highlypolishedmodel
. (modelF) firedthroughstillairathighpressureinthewindtunnel.

TheMachnumberwas3.2andthefree-streamReynoldsnumberwas9.1million

-.
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basedonmodeldiameter.
beginningoftherounded
visibleoutsidethebody

.,..
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Whatmayhavebeentransitionwasnotedat the .
corner.Thehairyimage,inthiscase,was
shadow. Inthispicturetheremaybe seena

backgroundgraininesswhich,whendistortedby thebowshockwave,looked
somewhatlikethehairyimagetypicalofturbulence;slthoughthereis
somesmsU doubton thispoint,trmsitionprobablyoccurredearlyonthe
sidesofthismode10

Inordertomakethemaxbrumuseofthisinformation,it isdesimable
toformulatea criterionwhichwillmskecomparisonwithotherbouxdary-
layertransitionobservationsfeasible.Moreimportant,however;the
criterionshouldmakeitpossibletoapplytestdatatofull-scaleflight
atMachnumbersandReynoldsnrmibershigherthanthoseobtainedh the
presenttests.Becausepresentknowledgeof..thetrsmsitionprocessand
theeventsleadingup to transitionisinsufficient,sucha selection
mustbemadeempirically.

Onepossiblecriterionwhichis readilycshulatedis,of course,
thelocaltransitionReynoldsnumberbasedonlocalflowpropertiesJust
outsidetheboundarylayerat thetransitionpoint,andlengthofbounda~-
layerrunfromthestagnationpqint.However,comparisonofthepresent
resultswiththoseofreference2 shawsthatthelocal.transitionReynolds
numbersofthepresenttestsaregreaterby factorsof2 to 3 thanthose
of reference2. Thisisclearlyinconsistentwiththeprinciplethata
transitioncriterioncomputedsoas to ticludetheeffectof changesin
bodyshapeshoyldbe a constant.

Inthetestsof reference~, theregionoflargevariationsinflow
propertieswasconfinedtoabout25 percentofthelengthfromthestag-
nationpointto thetrsmitionpointbecausethenoseradiiwererelatively
small(1/3ofbaseradiusforonemodel).Inthepresenttests,where
thebluntnesswasmuchgreater,theflowconditionsvariedcontinually
fromthesta~tionpointtothefaceedge. In ordertotakeaccountof
thisdifferencein shapetheReynoldsnumberwascalculatedasan integral
ofthelocalairconditionsalongthestreamlines,insteadofusinglocal
conditionsat thetransitionpoint.

ThetransitionReynoldsnumibersofreference2 wouldbe aboutthe
sameforbothmethodsof calculation,andthepresentresultsaremade
consistentwiththem.

TheReynoldsnumberswerecalculatedat

f

edge~=U=
Redge=

SP ~

.

1

.

—

—

thefaceedgeusing

ds a

Theconditionsassumedforthesecalculationswere: (a)theairwas .
behatinglikea perfectgasand(b)thepressuredistributionwasidentical
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tothatmeasuredlyOliverona flat-facedbodyb
theslightdipinpressurenotedat thesta~tion
data.

9

reference8,ignoring
pointinOliverxs

Theresultsofthesecalculationsarepresentedinfigure9 inthe
formoftheintegratedReynoldsnumberat thefaceedgedividedbyfree-
stresmReynoldsnumberbasedondiameteras a functionoffree-stream
Ikchnumber.Notethatthisratioisalwayslessthan0.1atMachnu@ers
above4. Alsoincludedinthisfigureis thesameratioesthatedassum-
ingequilibriumdissociationandvibrationbehindthenormslshockwave
andno relaxationdownstream.Theselattercalculationswerebasedon
references9 and10 andarehighlyapproximate.It isbelievedthatthe
ratiosareconservativelyhighbecauseitwasassumedno recombination
occurredas theairaccelerated.

ThemaximumintegratedReynoldsnumberonthemdel facein the
presenttestswasintheneighborhoodof0.7million.It is important
to notethattheReynoldsnumbersquotedareforflatfaceswhereasmost
ofthemodelsusedhadconvexfaces.Therefore,themaxiammReynolds
numberquotedisdoubtlesstoolow. Nopressure-distributiondataare
availablefortheseconvexshalestaaidinestimatingtheerrorinvolved.

ThevariationwithMachnunberof the”Reynoldsnumberattheface
edgeforthreeflat-facedtissiles1 footind.iameterenteringtheatmos-
phereathighspeedisplottedinfigure10. Theseexamplesarethesame
asthoseusedinreference2. Ifdifferencesinheattramsferandthe
effectsofdissociationdonotinvalidateextrapolationofthepresent
resultstohigherspeeds,itappearspossibletohavelaminarflowover
thefaceofa missile4 feetindiameteruntiltheWch numberhasbeen
reducedbelow12,providedthevalueof C@/m iskeptabove0.2square
footperslug. . . .

Theflatfaceis clearlynottheultimateshapeforreducing10CSL
Reynoldsnsmibers.TheUlt-te is~robablya deep(opensideforward)
cup. Thepressureinthecupis constantsothatvelocitiesarezeroon
theinsidesurfacesandhencewe havetruestagnationconditions.This
shapeisprobablyof interestonlyas a limit,butthepossibilityof
dishingthefacein slightlymayleadtofurtherreductioninReynolds
nuniberperfoot. Itmay,infact,givesuchlowvelocitiesthatno
dsmgerexistsofhavingturbulentboundarylayerontheface. Thecon-
comitantdangersof increasedheatflowat theedgesandpossibleflow
instabiliwinthedish(andlossof staticlongitudinal.stability)must
be consideredbeforesuchshapesareseriouslyproposed.Heat-transfer
measurementsontwosuchbodies,reference4, indicatedlowheat-transfer
ratesinthedishedareaandaroundthe”roundedcornersaswell.

ThelowvaluesoflocaltestReyuoldsnumibercanslsobe thoughtof
intermsofboundary-layer-stabili~theory,wherenormallythebounda~-
layerReynoldsnumbers,~ and~, areusedto definetheregionwhere

.-
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Tollmein-Schlictingwavesmaybe amplified.
.

TheseReynoldsnuniberswere
estimated,usingtheresultsforspheresgiveninreference2, forthe
highestfree-streamReynoldsnumberofthepresentinvestigation.The m
valueof Rb at themodeledgewasabout1200andm assumedratio
of 5/e= 6 gave ~ = 200. Thesevalueswerelowenoughsothatwave
amplificationprobablydidnotoccur.Inreference2,however,onecase
wasreportedwheretransitionoccurredwithin~ frcmthestagnation
pointofa hemisphere,atwhichpoint ~ wasmuchsmellerthanat the

—

cornerof thepresentmodels.Therefore,itmustbe concludedthatsome
otherdisturbingfactor,perhapsroughness,wasinfluencingtransitionin
thecaseofthehemispheretest. Calculationsindicatithatthebounda~-
layerthicknessat thestagnationpointofthepresentmodelsisabout
4 timesthatonthehemisphere,andabout10 t@es thatontheround-
nosed60°coneof reference2. Thisdifferenceprobablyreducedthe
sensitivi~toroughnessinthepresenttestsinthattheratioof
roughnessheighttoboundary-layerthicknessisreduced.

Theflowconditionsat thecornerandalongthesidesofthemodels
arediscussedbelow.Forthosemodelswithsharpedgestheflowseparated, *
seefigures3 through6,andthetitroductionofve~ slightrounding
appearedto suppressseparationcompletely,seefigures7 and8. The
relativemeritsof roundedversussharpedgescannotbe settledby the .
testsreportedhere;rather,theeffectthischangein shapehasonlocal
andtotalheat-transferrateswillprobablySCnswerthequestion.The
theoryofreference11 indicates,forinstance,thatthesurfaceheating
througha separatedI&inarlayerisaboutonehelfthatforattached
lsminarflow.Eowever,whenthedetachedflowfromthesharpedge
reattachesto theside,a sharpcompressionresultsandtransitionto
turbulentflowusuallyensues(figs.2 through6). Intheseregions
whereturbulentflowismostlikelyto occurothestaticpressure,=d
hencedensity,isrelativelylowso%hattheheattmnsfermaystillbe
tolerable.

Oneadditionalfeatureoftheflowfieldnotedin someoftheshadow-.
graphswasa seriesoflinesparallelto themodelfaceintheregion
betweenthefaceandthebowwave(leaderinfig.3(c)).ItWassuggested
thatthesewerewavesfromlongitudinalvibrationofthemodel.Ifthese
werecompressionwavesemsaatingfromnearthesurface,travelingat the
localspeedof sound,thecalculatedfrequencyisaround”3megacycles.
Thisfrequencyisabout30timeshigherthenthenaturalfrequencyofan
elasticwavetravelingthroughthemodelparallelto itsaxis;this
essentiallyrulesoutelasticwavesas thecause.Thesessmelineshave
beenseenin sparkshadowgraphsof sting-mountedbluntbdies takenin
theAmes8-by 7-footsupersonictunnelandthe6-inchheat-’trsasfer
tunnel,andarebelievedtobe eitherpressurepulsesoscillatinginthe
subsonicflowregion,orGoertlervorticeslyingalongstresnlines.
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Drag

Thedragdataobtainedinthesetestsarepresentedinfiguren(a).
Thesecoefficientsarebasedonmodelfrontalarea. W figureU(b)
thesesamedataareplottedusingthefaceareaforreference.Thepres-
suredragmeasuredby OliveraadanunpublishedresultfromtheAmes
6-by 6-inchheat-transfertunnelfora flat-facedbodyat a free-stream
Reynoldsnuniberof o.6x1o6arenotedInthisfigure,as isthevariation
ofpitotpressu’recoefficientwithMachnumber.Theagreementbetween
thepitotpressurecoefficientandthetotaldragcoefficientbasedon.
thefaceareasuggeststheeasewithwhichtotaldragmaybe estimated.

The highvaluesof ~ cm be a boonto themissiledesignerwho
wishesto reducetheover-allbodysizewithoutaffectingtheparsm-
eter ~/m discussedin reference1. Since ~ ismorethan50percent
largerthanfora sphere,thefrontslareamaybe reducedbymorethan
33percent,andas a directresultof reducedsize,somesavingin struc-
tural.weightmaybe possible.Thiscomparisonisevenmorefavorableto

I therightcircularcylinderwhentheround-nosedcone(ref.2) isthe
alternative,sincetheratioofdragcoefficientsapproaches3.

.

StaticLongitudinalStAbility

Thevaluesof
%

,pitching-moment-curveslope,aboutthemodels~
centersofvolume,incudingthestudinthemodelbase,areplottedin
figure12. Sincenormal-force-curveslopeisnotknown,it isnotpossible
totransferthereferenceaxes. ThesevaluesarebasedonfrontaLarea
anddiameter,as references.Littlecanbe deducedfromthesedataexcept
thatdl bodieswerestableamdthesmallchsagesin shapedidnotproduce
importantchangesin staticstability.

It isof interesttonotethatNewtonism@act theorydoesnot
predictC& correctlyforshapesofthissort. Inthecaseofthe
rightcircularcylinder,thepredictedvalueof C& wouldbe zeroat
dl anglesofattack.Thisisclearlynotso.

CONCLUDINGIWMARKS

TestsconductedintheAmessupersonicfree-flightwindtunnelhave
shuwnthatlsminarboundary-layerflowmaybe maintainedoverthefaces

● ofbodiesresemblingrightcircularcyltidersatReynoldsrnmibers
of 9 millionat a Machrnuiberof 3.2,snd4

.

“~’:tw:ny+.?”-—- ?
*oNY@Em:. .

millionat a Wh numberof 9.
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Intheformercasetransitionmayhaveoccurredat theedgeoftheface;
inthelattercasetheboundarylayerwasfrequentlylsminaroverthe
entiresurfaceandintothewake.

Thedragofthebodieswasverylarge.Values of total drag coeffi-
cientapproachingthepitot-pressurecoeffici~tweremeasured.

Allthebodiestestedexhibitedstablestaticlongitudinalstability
abouttheircentersofvolume.No theoryknowntotheauthorsaccurately
estimatesstaticstabilityforthistypeofbody.

AmesAeronauticalLaboratory
NationalAdvisoryComnitteeforAeronautics

MoffettField,Cal-if.,Mar.25,1957
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